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a b s t r a c t
In the budding tunicate, Polyandrocarpa misakiensis, retinoic acid (RA) applied to buds promotes
transdifferentiation of somatic cells to form the secondary body axis. This study investigated the gene
cascade regulating such RA-triggered transdifferentiation in tunicates. Genes encoding retinoic acid
receptor (RAR) and retinoid X receptor (RXR) were induced during transdifferentiation, and they
responded to all-trans RA or 13-cis RA in vivo, whereas 9-cis RA had the least effects, demonstrating
differences in the ligand preference between budding tunicates and vertebrates. In contrast to RAR
mRNA, RXR mRNA could induce transdifferentiation-related genes such as RXR itself, ERK, and MYC in an
RA-dependent manner and also induced β-catenin (β-CTN) RA-independently when it was introduced
in vitro into tunicate cell lines that do not express endogenous RAR or RXR. Small interfering RNA (siRNA)
of RXR dramatically attenuated not only RXR but also ERK and β-CTN gene activities. An ERK inhibitor
severely blocked wound healing and dedifferentiation. β-CTN siRNA suppressed morphogenesis and
redifferentiation, similar to RXR siRNA. These results indicate that in P. misakiensis, the main function of
RA is to trigger positive feedback regulation of RXR rather than to activate RAR for unlocking downstream
pathways for transdifferentiation. Our results may reﬂect an ancient mode of RA signaling in chordates.
& 2013 Elsevier Inc. All rights reserved.
Introduction
In many marine and freshwater organisms, small body pieces
can regenerate the whole body by transforming into a different
body parts, a phenomenon referred to as morphallaxis or meta-
plasia (Morgan, 1901). Metaplasia involves transdifferentiation at
the cellular level (Okada, 1991), which is considered to occur when
differentiated cells are irreversibly switched to another differen-
tiated cell type (Slack and Tosh, 2001). The classical representa-
tives of transdifferentiation include striated muscle cells in
regenerating jellyﬁshes (Schmid and Alder, 1984), iris pigment
cells in newts during lens regeneration (Eguchi, 1963), and retinal
pigment epithelium in chick embryos (Okada, 1976).
Retinoic acid (RA) signaling is a mode of gene regulation that
is well developed in chordates (Fujiwara and Kawamura, 2003).
RA has a wide range of effects on vertebrate development and
regeneration through its so-called caudalization (Sive and Cheng,
1991) or proximalization (Brockes, 1992) activities. Speciﬁcally,
RA binds the heterodimer of 2 nuclear transcription factors, RA
receptor (RAR) and retinoid X receptor (RXR) (Mangelsdorf et al.,
1990; Mangelsdorf and Evans, 1995), which in turn activates
homeobox (Hox) genes that are normally expressed at more
posterior positions in the developing ﬁeld (Sive and Cheng,
1991). In the tunicate Ciona intestinalis, the RA signal directly
regulates the expression of the embryonic Hox1 gene (Kanda et al.,
2009), which is essential for otic/atrial placode formation in
metamorphosing zooids (Sasakura et al., 2012).
In the budding tunicate Polyandrocarpa misakiensis (Stolidobran-
chiata, Ascidiacea), zooids propagate asexually. A bud consists of the
epidermis, atrial epithelium, and mesenchymal cells located between
the 2 epithelial layers (Fig. 1A). The epidermis is a contractile tissue
that plays a role in wound healing when buds are detached from the
parent. The atrial epithelium is a multipotent tissue that can form
various tissues and organs of developing buds (Fig. 1B and C);
however, rather than being undifferentiated, the atrial epithelium
possesses several differentiation features (Fig. 1D; Fujiwara and
Kawamura, 1992; Kawamura and Fujiwara, 1994). When organ
rudiments appear from the atrial epithelium, differentiation antigens
are gradually lost from the cells (Fig. 1E and F), whereas new
differentiation markers, such as trypsin in the stomach, emerge in
developing tissues (Fig. 1G; Kawamura and Fujiwara, 1994). The
appearance and disappearance of these markers indicate that trans-
differentiation occurs during bud development.
In P. misakiensis, buds have been shown to respond to RA,
forming the secondary body axis at the macroscopic level and
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transdifferentiation at the microscopic cellular level (Hara et al.,
1992; Kawamura et al., 1993). Kaneko et al. (2010) demonstrated
that an RA synthase inhibitor blocked gut regeneration and that
such an inhibition became weaker upon addition of RA to
regenerating zooid pieces, suggesting that RA is directly involved
in the process of zooid regeneration. RAR and RXR homologs in P.
misakiensis have been previously cloned (Hisata et al., 1998;
Kamimura et al., 2000), and PmRAR has been shown to be essential
for zooidal gut regeneration (Kaneko et al., 2010). In vertebrates,
all-trans RA and 9-cis RA are ligands for RAR/RXR heterodimers to
efﬁciently regulate downstream gene expression (Mangelsdorf
and Evans, 1995). On the other hand, in P. misakiensis, 13-cis RA
was found to be most efﬁcient for promoting both the secondary
bud axis formation (Kawamura et al., 1993) and zooidal regenera-
tion (Kaneko et al., 2010), although it remained uncertain what
caused the differences in ligand preferences in budding tunicates.
The primary purpose of this study was to clarify the RA-triggered
transdifferentiation cascade in budding tunicates. First, we identiﬁed
Polyandrocarpa genes that were induced or enhanced to express
during transdifferentiation, and second, we examined whether RA
could regulate such transdifferentiation-related genes. During the
course of the study, we also investigated the efﬁciency of RA isomers
in gene induction. Third, we examined the type(s) of nuclear retinoid
receptors that could control transdifferentiation-related genes.
To accomplish this, we introduced retinoid receptor mRNAs into a
tunicate cell line (Kawamura and Fujiwara, 1995) that does not
express such receptors and therefore shows no response to RA. Last,
we determined the roles of nuclear retinoid receptors and their
downstream genes in transdifferentiation by means of RNA inter-
ference experiments. Overall, our results indicate a more signiﬁcant
role of RXR, relative to RAR, in RA-triggered transdifferentiation
cascade in budding tunicates. The differences in ligand and receptor
preferences between vertebrates and budding tunicates may reﬂect
the evolutionary aspects of RA signaling.
Materials and methods
Animals
Asexual strains of P. misakiensis were cultured on glass slides in
culture boxes settled in the Uranouchi Inlet near the Usa Marine
Biological Institute of Kochi University. All experiments were
performed according to the ethical guidelines of Kochi University
for animal reservation and handling recombinant DNA.
Cell culture
Polyandrocarpa cell lines established originally from the atrial
epithelium (Kawamura and Fujiwara, 1995) were cultured in
tunicate growth medium consisting of modiﬁed sterile seawater
and Dulbecco's Modiﬁed Eagle's Medium (DMEM) at a ratio of 5:1,
supplemented with 3% fetal bovine serum.
Retinoic acids
All-trans RA, 13-cis RA, and 9-cis RA purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan) were dissolved in DMSO at
a concentration of 1 mg/ml and preserved at 30 1C. For the
in vivo assay, the stock solutions of RA were diluted 2000-fold at
the ﬁnal concentration of 1.6 μM in sterile seawater, in which
growing buds that were still attached to their parents were
incubated for 6 h. Growing buds were subsequently placed in
natural seawater for another 18 or 42 h. For the in vitro assay,
cultured cells (5106 cells/ml) were treated with 1.6 μM RA for
6 h, washed, and then allowed to grow in fresh growth medium
for 2 days.
Fig. 1. Transdifferentiation during asexual reproduction in P. misakiensis. (A) An adult zooid protruding several buds from the body. (B) A developing bud a few days after
detached from the parent zooid. (C) A prefunctional zooid approximately a week after detached from the parent. (D–F) Alkaline phosphatase immunocytochemistry. Signals
are colored black. (D) The atrial epithelium of a growing bud. Bar, 50 μm. (E) The atrial epithelium transdifferentiating into the gut rudiment in 2-day-old developing bud.
Bar, 25 μm. (F) The stomach going to lose the antigen in 5-day-old developing zooid. Bar, 50 μm. (G) The stomach going to express trypsin gene in 5-day-old developing
zooid. Bar, 50 μm. ae, atrial epithelium; b, bud, c, coelomic cell; e, epidermis; g, gonad; gr, gut rudiment; i, intestine; p, pharynx; pr, pharyngeal rudiment; s, stomach.
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Genes and mRNA
The complete ORFs of PmRAR (AB762414) and PmRXR (AB762415)
were cloned into the pGEM-T vector (Promega, Madison, WI, USA).
The structure and function of PmMYC have been reported elsewhere
(Fujiwara et al., 2011). The cDNAs of PmERK (AB766213), PmPHN2
(AB765637), and Pmβ-CTN (AB766212) were cloned from the pBlue-
script cDNA library of P. misakiensis (Stratagene, Santa Clara, CA, USA).
The PmRAR ORF containing a stop codon (1491 bp) was subcloned
into pCMX (Umesono et al., 1991) (Suppl. Fig. 1A), from which PmRAR
mRNA was synthesized using the T7 promoter with the mMessage
mMachine T7 Kit (Ambion, Austin, TX, USA). The PmRXR ORF along
with 43 nucleotides of its 5′ UTR (1660 bp in length) was subcloned
into pCMV-Tag 5 (Stratagene) (Suppl. Fig. 1B). PmRXR mRNA was
synthesized, using the T3 promoter with the mMessage mMachine T3
Kit (Ambion).
Electroporation
Cells harvested in cell dissociation medium containing 0.2%
trypsin and 2 mM ethylenediaminetetraacetic acid in DMEM were
washed with HEPES-buffered saline (pH 7.2) and resuspended in
the same buffer at a density of 0.5–1108 cells/ml. Aliquots
(200 μl) were incubated with 20 μg of mRNA for 5 min on ice
and transferred to 2-mm cuvettes. Electroporation was performed
using the GENE Pulser Xcell System (BioRad, Hercules, CA, USA)
with a pulse of 200 V and 100 μF. Cells were then collected,
washed once with the growth medium, and resuspended in the
same growth medium. Finally, cells were placed in a 6-well plate
at a density of 5106 cells/well and allowed to grow for 2 days.
Immunocytochemistry
Cultured cells attached to poly-L-lysine-coated coverslips were
ﬁxed in 4% paraformaldehyde in phosphate-buffered saline (PBS, pH
7.4) for 30 min in an ice bath. An anti-myc-tag antibody labeled
with horseradish peroxidase (Stratagene) was diluted 200-fold in
PBS immediately before use. After antibody staining for 1 h at room
temperature and thorough washes with PBS containing 0.1% Tween
20, cells were stained with True Blue dye (KPL, Baltimore, MD, USA).
For immunoﬂuorescence, cells treated with the primary antibody
were stained with anti-mouse secondary antibody labeled with
ﬂuorescein isothiocyanate for 30 min at room temperature. Nuclei
were counterstained for 10 min with 4′,6-diamidino-2-phenyl-
indole (5 μg/ml).
RT-PCR
Poly(A)þ RNA was extracted and puriﬁed from 40 to 45 buds
and cultured cells using biotin magnetic beads, according to the
manufacturer's protocol (Roche, Mannheim, Land Baden-Würt-
temberg, Germany). Single-stranded DNA complementary to poly
(A)þ RNA was synthesized for 30 min at 42 1C with the Transcrip-
tor First Strand cDNA Synthesis Kit (Roche). RT-PCR was performed
in the following 2 steps: 1 cycle of sense-strand synthesis (94 1C
for 30 s, 52 1C for 2 min, and 72 1C for 2 min), followed by PCR
involving 20–30 cycles of denaturation at 94 1C for 30 s, annealing
at 52 1C for 60 s, and extension at 72 1C for 90 s. In previous studies
(Kawamura et al., 2012; Kawamura and Sunanaga, 2013), we
conﬁrmed that cDNA usually increased logarithmically in amount
until 30th cycle without overlapping or crossing-over of the
increasing curves. In case of a large amount of RNA such as
cytoplasmic actin mRNA, 22–25 cycles were adequate.
In situ hybridization
After ﬁxation and proteinase K treatment, specimens were
hybridized with digoxigenin (Dig)-labeled antisense ribonucleo-
tide probes for 12–14 h at 56 1C, before blocking in 1% skim milk in
a Tris-buffered salt solution containing 0.1% Tween 20 (TBST) for
6 h on an ice bath. Samples were then incubated overnight on ice
with anti-Dig monoclonal antibody labeled with alkaline phos-
phatase (Roche). After thorough washes for 3 h in TBST, samples
were stained with a color-development solution, dehydrated, and
embedded in Technovit 8100 resin (Heraeus Kulzer, Wehrheim,
Germany). Specimens were sectioned into 2-μm-thick slices using
glass knives.
ERK inhibitor
ERK inhibitor (328006) was purchased from Merckmillipore
(Calbiochem Co. San Diego, USA). Immediately before use, the
stock solution of 20 mM dissolved in DMSO was diluted with
sterile seawater at the ﬁnal concentration of 10–20 μM. Buds were
allowed to develop for 2–3 days.
ALDH histochemistry
Samples were ﬁxed with 4% paraformaldehyde in PBS for 1 h
on ice. They were washed twice with PBST for 5 m and then
treated with 0.1% Triton X-100 in 50 mM phosphate buffer (PB, pH
7.2) for 5 m at room temperature. After washing with 50 mM PB,
samples were stained for 1 h at 37 1C in the color development
solution containing 5 mg β-nicotinamide adenine dinucleotide,
0.5 mg phenazine methosulfate, 6 mg nitroblue tetrazolium, and
10 μl benzaldehyde in 5 ml PB (Kawamura et al., 1993).
Small interfering RNAs
Three different siRNAs designed against PmRXR mRNA were
purchased from Hokkaido System Science (Sapporo, Japan). Their
oligonucleotide sequences were as follows: PmRXR siRNA-1,
5′-GUCGUCACAAGCACAAGAUTT-3′ and 5′-AUCUUGUGCUUGU-
GACGACTT-3′; PmRXR siRNA-2, 5′-GGAAAUCAACUGCAAUAUATT-
3′ and 5′-UAUAUUGCAGUUGAUUUCCAT-3′; PmRXR siRNA-3,
5′-CAAGGACUGUGUGAUUGAUATT-3′ and 5′-UAUCAAUCACACA-
GUCCUUGCT-3′.
The following 2 siRNAs were also designed against Pmβ-CTN
mRNA: Pmβ-CTN siRNA-1, 5′-GUCAUAUGCGGCCUUAACAUU-3′ and
5′-UGUUAAGGCCGCAUAUGACUU-3′; Pmβ-CTN siRNA-2, 5′-GAU-
AAGUCUCAAGAUUACAUU-3′ and 5′-UGUAAUCUUGAGACUUAU-
CUU-3′.
All siRNA oligonucleotides were dissolved in RNase-free water.
Immediately before use, 3 PmRXR siRNAs or 2 Pmβ-CTN siRNAs
were mixed at a ﬁnal concentration of 50 μM. Animals injured
with razor blades were treated with mixed siRNA solutions for
60 min in moist chambers and then returned to natural seawater.
Approximately 20 buds were operated at once and all siRNA
experiments were repeated 3 times.
Results
Gene expression during transdifferentiation
Prior to the transdifferentiation stage, the PmRAR levels were
scarcely detectable in the epidermis, atrial epithelium, or coelomic
cells of growing buds (Fig. 2A1). Notably, in 2-day-old developing
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buds, the PmRAR signals appeared in the transdifferentiating atrial
epithelium and coelomic cells surrounding the organ rudiment
(Fig. 2A2), whereas the epidermal signals remained very weak
(Fig. 2A3).
While PmRXR was expressed weakly and ubiquitously in
coelomic cells prior to transdifferentiation (Fig. 2B1), the transdif-
ferentiating atrial epithelium and coelomic cells in 2-day-old
developing buds showed strong signals (Fig. 2B2). The epidermal
Fig. 2. Expression of transdifferentiation-related genes in Polyandrocarpa buds, in situ hybridization. (A) PmRAR. (B)PmRXR. (C) PmERK. (D) PmPHN2. (E) Pmβ-CTN.
Longitudinal column A1–E1, Growing buds prior to transdifferentiation stage. A2–E2 and A3–E3, 2-day-old developing buds undergoing transdifferentiation. Arrow shows
coelomic cells in the process of the MET. Bars in D1 and E1, 40 μm. Other bars, 20 μm. ae, atrial epithelium; e, epidermis; gr, gut rudiment.
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cells also showed moderate signals (Fig. 2B3), in contrast to the
case of PmRAR.
PmERK was expressed weakly in the epidermal cells of growing
buds (Fig. 2C1). In 2-day-old developing buds, the cells in the
organ rudiment began to express PmERK (Fig. 2C2), and both the
epidermal cells and neighboring coelomic cells showed strong
signals (Fig. 2C3).
In growing buds, the atrial epithelium was found to weakly
express prohibitin2 (PmPHN2) and β-catenin (Pmβ-CTN) (Fig. 2D1
and E1), whereas the transdifferentiating atrial epithelium of
2-day-old developing buds showed the highest expression of both
genes (Fig. 2D2 and E2). PmPHN2 showed no substantial signals in
the epidermis and neighboring coelomic cells (Fig. 2D3), whereas
the epidermal Pmβ-CTN signals were moderate, and coelomic cells
undergoing mesenchymal–epithelial transition (MET) showed the
strongest Pmβ-CTN signal (Fig. 2E3). Both PmMYC and PmRACK1
were expressed in the transdifferentiating atrial epithelium and
MET in the morphogenetic area, consistent with previous reports
(Fujiwara et al., 2011; Tatzuke et al., 2012).
RA responsiveness of transdifferentiation-related genes
Growing buds (n¼60) were treated respectively with all-trans
RA, 13-cis RA, 9-cis RA, or dimethyl sulfoxide (DMSO; a control).
We observed that all-trans RA induced the PmRAR expression in
the atrial epithelium and coelomic cells, whereas the epidermal
signals were faint, relative to the control (Fig. 3A1 and A2). PmRAR
was also induced to a similar extent by 13-cis RA (Fig. 3A3). Among
3 types of RA, 9-cis RA showed the least effect on the atrial
epithelium (Fig. 3A4), although the results of reverse
transcription-polymerase chain reaction (RT-PCR) indicated that
3 types of RA induced PmRAR similarly (Fig. 3A5).
The PmRXR expression was strongly induced in all cells and
tissues, including the epidermis, by all-trans RA and 13-cis RA
Fig. 3. Induction of transdifferentiation-related genes by RA isomers in Polyandrocarpa growing buds. (A1–D4) In situ hybridization. (A5–D5, E) RTPCR. (A) PmRAR
expression. (B) PmRXR expression. (C) PmERK expression. (D) PmMYC expression. (E) Pmβ-actin expression as internal control. Longitudinal column A1–D1 and lane 1 of RT-
PCR, DMSO treatment. A2–D2 and lane 2, all-trans RA treatment. A3–D3 and lane 3, 13-cis RA treatment. A4–D4 and lane 4, 9-cis RA treatment. Bars in A3, B2, B3, B4, and D2,
40 μm. Other bars, 20 μm. ae, atrial epithelium; e, epidermis.
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(Fig. 3B1–B3), but not 9-cis RA (Fig. 3B4). The results were
conﬁrmed by RT-PCR (Fig. 3B5).
PmERK was induced most strongly in epidermal cells and
moderately in the atrial epithelium and coelomic cells by all-trans
RA (Fig. 3C1 and C2). The 13-cis RA treatment showed the
moderate induction of PmERK in the epidermis and the atrial
epithelium and 9-cis RA gave rise to the least signals (Fig. 3C3 and
C4). By RT-PCR, only all-trans RA induced PmERK (Fig. 3C5). PmMYC
Table 1
Transdifferentiation-related genes and their regulation of expression in P. misakiensis.
Genes Ligands Receptors Response and responsive tissues
PmRAR All-trans RA, 13-cis RA, 9-cis RA RAR/RXR Inducible: atrial epithelium and coelomic cells
PmRXR All-trans RA, 13-cis RA RXR Inducible: epidermis, atrial epithelium, and coelomic cells
PmERK All-trans RA RXR Inducible: epidermis and coelomic cells
PmMYC Unknown RXR Inducible: epidermis
All-trans RA, 13-cis RA, 9-cis RA RAR/RXR Suppressive: atrial epithelium and coelomic cells
PmRACK1 BMPa Unknown Inducible: epidermis, atrial epithelium, and coelomic cells
PmPHN2 Unknown Unknown Unknown
Pmβ-CTNb Unknown RXR/unidentiﬁed cofactor? Inducible: atrial epithelium and coelomic cells
a Tatzuke et al., Developmental Biology, (2012).
b The expression of Pmβ-CTN is RA-independent but RXR-dependent. Cofactor(s) may be required for full induction.
Fig. 4. Translation of synthetic PmRXR mRNA introduced into tunicate culture cells. (A–D) Cells were stained with anti-mycTag primary antibody and anti-mouse secondary
antibody labeled with HRP. (A and B) Control, in which the electroporation was not performed. (C and D) Experiment, in which the electroporation of PmRXR mRNA was
performed. Arrowheads show immuno-positive cells. (E) Cells were stained with anti-mycTag primary antibody and anti-mouse secondary antibody labeled with FITC.
(F) FITC image merged with DAPI staining. White arrowheads show the nucleus stained with the antibody. Bars in A and C, 50 μm. Bars in B, D, E, and F, 20 μm.
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was only detectable in all-trans RA-treated epidermal cells
(Fig. 3D1–D4), whereas the RT-PCR analysis shows that each of
3 RA isomers had inducible effects (Fig. 3D5).
As for PmRACK1 and PmPHN2, no induction was observed in
response to RA isomers by in situ hybridization and RT-PCR (Suppl.
Fig. 2A and B). Pmβ-CTN was expressed weakly in most cells of
untreated buds (Suppl. Fig. 2C1), and was induced by 13-cis RA
somewhat more strongly than other RAs (Suppl. Fig. 2C2–C4),
although the difference was obscure by RT-PCR (Suppl. Fig. 2C5).
In summary, all-trans RA and/or 13-cis RA activate trans-
differentiation-related genes differentially in different tissues; for
example, PmRXR in all the epidermis, atrial epithelium, and
coelomic cells, and PmERK exclusively in the epidermis (Suppl.
Fig. 3 and Table 1).
Electroporation of synthetic PmRAR and PmRXR mRNAs into cultured
cells
Polyandrocarpa cultured cells did not show the endogenous
gene expression of PmRAR and PmRXR in either the presence or
absence of all-trans RA (Suppl. Fig. 4A; lanes 1, 2, 5, and 6). When
synthetic PmRAR mRNA was introduced into the cultured cells by
electroporation, the RAR signals were detectable by RT-PCR using
probes designed speciﬁcally for the PmRAR open reading frame
(ORF) (Suppl. Fig. 4A; lanes 3 and 4). When synthetic PmRXR
mRNA was introduced into cells, RT-PCR of PmRXR produced the
similar results (Suppl. Fig. 4A; lanes 7 and 8). However, it was
uncertain whether these RT-PCR products have been ampliﬁed
from synthetic mRNAs or de novo transcripts. In this regard, it is
noteworthy that our synthetic mRNAs did not have intrinsic
3′ untranslated regions (UTRs) but instead contained SV40 3′ UTRs
(see section Materials and methods and Suppl. Fig. 1). When
synthetic mRNA was introduced into cultured cells without RA
and RT-PCR was done using probes designed for the intrinsic
3′ UTR, PmRAR or PmRXR signals did not appear in contrast with
the clear-cut signals by using ORF probes (Suppl. Fig. 4B). These
results indicated that (1) synthetic mRNAs lived in culture cells for
several days before RNA extraction and (2) the 3′-UTR probes were
available to detect de novo gene expression of PmRAR and PmRXR.
Next, by means of immunocytochemistry of myc-tagged
PmRXR protein (Suppl. Fig. 1), we examined whether synthetic
mRNA is translated into protein and whether the protein is
subsequently translocated into the nucleus of cultured cells. With-
out electroporation, myc-tag-positive cells were not found at all
(Fig. 4A and B). Approximately 35% of the cultured cells showed
positive staining after PmRXR mRNA was introduced (arrowheads
in Fig. 4C and D), and approximately 20% of the total nuclei were
myc-tag positive (Fig. 4E and F).
Expression of transdifferentiation-related genes in mRNA-transfected
cells
Using RT-PCR, we examined the effects of RA on de novo gene
expression in mRNA-transfected cultured cells. The PmRAR gene
expression was not observed in the absence of RA (Fig. 5A; lanes 1,
2, 5, and 8), or even in the presence of RA when only 1 synthetic
mRNA (PmRAR or PmRXR) was introduced into the cells (Fig. 5A;
lanes 3, 4, 6, and 7). In contrast, when synthetic mRNAs of PmRAR
and PmRXR were introduced simultaneously into the cells in the
presence of RA, the PmRAR gene expression was efﬁciently induced
(Fig. 5A; lanes 9 and 10). All-trans RA and 13-cis RA exhibited
similar effects on the induction of gene expression.
The PmRXR gene expression was observed when synthetic
PmRXR mRNA or PmRAR/PmRXR mRNA was introduced into the
cells (Fig. 5B; lanes 6, 7, 9, and 10), indicating that the PmRXR
nuclear factor is necessary and sufﬁcient for inducing the PmRXR
gene expression. Again, both all-trans RA and 13-cis RA were able
to induce PmRXR efﬁciently.
Similar to PmRXR, PmERKwas expressed when synthetic PmRXR
mRNA or PmRAR/PmRXR mRNAs were introduced into RA-treated
cells (Fig. 5C; lanes 6, 9, and 10), and in this case, all-trans RA
appeared to be more efﬁcient than 13-cis RA (Fig. 5C; lanes 6 and
7). However, unlike PmRXR, a very low level of the PmERK
expression was detectable only when PmRAR mRNA was intro-
duced into RA-treated cells (Fig. 5C; lane 3) or when PmRXRmRNA
was introduced into RA-untreated cells (Fig. 5C; lane 5).
Our results also demonstrate that PmRXR mRNA strongly
induced PmMYC in either the presence or absence of all-trans RA
(Fig. 5D; lanes 5 and 6). In the absence of RA, PmRAR and PmRXR
mRNAs together also induced PmMYC (Fig. 5D; lane 8), whereas in
the presence of RA, the PmMYC signals were greatly reduced
(Fig. 5D; lane 9). These ﬁndings suggest an inhibitory effect of
RA on PmMYC gene expression through its binding to the RAR/RXR
heterodimer.
Effects of PmRXR siRNA on transdifferentiation-related genes
The buds (n¼60) were treated with PmRXR siRNA and com-
pared with the control of bacterial β-galactosidase (LacZ) siRNA. By
in situ hybridization, PmRXR signals were found to disappear
almost entirely from the morphogenetic area after siRNA treat-
ment (Fig. 6A1 and A2). The buds showed no signs of morphogen-
esis (Fig. 6A2–E2).
PmRXR siRNA also inﬂuenced effectively the PmERK gene
expression (Fig. 6B1 and B2). In contrast, PmMYC signals still
remained weakly in the atrial epithelium and coelomic cells after
PmRXR siRNA treatment (Fig. 6C1 and C2). As expected, PmPHN
gene expression was not affected (Fig. 6D1 and D2), whereas the
Pmβ-CTN signals unexpectedly disappeared to a large extent after
Fig. 5. Effects of PmRAR mRNA and/or PmRXR mRNA on RA-induced transdiffer-
entiation-related genes in tunicate culture cells. (A) PmRAR expression. (B) PmRXR
expression. (C) PmERK expression. (D) PmMYC expression. (E) Pmβ-actin expression
as an internal control. Cells were treated with DMSO, all-trans RA, or 13-cis RA, and
their gene expression was examined by RT-PCR. Arrowheads show speciﬁc signals.
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PmRXR siRNA treatment (Fig. 6E1 and E2). The in situ hybridization
results were further conﬁrmed by RT-PCR (Fig. 6F).
To determine whether Pmβ-CTN is an RA-independent down-
stream gene of PmRXR, we once again employed PmRXR mRNA-
transfected tunicate cultured cells in the absence of RA. As a
reference, strong PmRXR signals were detected by RT-PCR similar to
previous experiments, and weak Pmβ-CTN signals became observa-
ble after 2 rounds of PCR (Fig. 6G). The electroporation of both PmRAR
and PmRXR mRNAs gave rise to similarly weak signals (Fig. 6G).
Effects of ERK inhibitor on transdifferentiation
To examine the role of ERK in tunicate transdifferentiation, we
tried at ﬁrst PmERK knockdown, but no obvious effects were
observable (not shown). Next, buds (n¼40) were treated with
ERK inhibitor. In contrast with the control treated with DMSO
(Fig. 7A), the epidermal sheet of inhibitor-treated bud did not shrink
successfully (Fig. 7E, arrow), and in the most severe cases buds
failed in wound healing and coelomic cells inﬁltrated into the tunic
(Fig. 7F and G). Aldehyde dehydrogenase in the epidermis (Fig. 7A)
and histone acetyltransferase in the atrial epithelium (Fig. 7B–D) are
useful markers to characterize early bud development. Buds treated
with 10 μM ERK inhibitor did not show aldehyde dehydrogenase
enzyme activity in all of 10 cases (Fig. 7E) and failed to express
histone acetyltransferase gene in all of 6 cases (Fig. 7F).
Effects of Pmβ-CTN siRNA on transdifferentiation
The buds (n¼60) were treated with Pmβ-CTN siRNA and com-
pared with those treated with the LacZ siRNA control. In 2-day-old
control buds, the multilayered atrial epithelium, the MET of coelomic
cells, and gut rudiment formation were all evident (Fig. 7H–J).
In contrast, the atrial epithelium of experimental buds remained
monolayered and no morphogenesis was observed, even though the
Fig. 6. Effects of PmRXR siRNA on the expression of transdifferentiation-related genes in 2-day-old developing buds. (A–E) In situ hybridization. (F and G) RT-PCR. (A) PmRXR
gene expression. (B) PmERK. (C) PmMYC. (D) PmPHN2. (E) Pmβ-CTN. A1–E1 and lane 1 of F show the control treated with LacZ siRNA. A2–E2 and lane 2 of F show experiments
treated with PmRXR siRNA. Bars, 20 μm. (G) In vitro induction of Pmβ-CTN by PmRXRmRNA or PmRAR/PmRXRmRNAs in the absence of RA. Lane R, Reference. RT-PCR of PmRXR is
shown. Lanes 1–3, RT-PCR of Pmβ-CTN. Lane 1, no mRNA. Lane 2, PmRXR mRNA. Lane 3, PmRXR and PmRAR mRNAs. ae, atrial epithelium; e, epidermis; gr, gut rudiment.
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Pmβ-CTN signals, albeit weak, were detected (Fig. 7K–M). In addition,
trypsin gene expression (see Fig. 1) was examined 6 days after RNAi.
The results indicated that both knockdown buds of Pmβ-CTN and
PmRXR showed no detectable signals (Fig. 7N).
Discussion
RA-dependent and RA-independent transdifferentiation-related genes
in P. misakiensis
In this study, we identiﬁed the following 7 genes of P. misakiensis
that were activated during transdifferentiation: PmRAR, PmRXR,
PmERK, PmMYC, PmRACK1, PmPHN2, and Pmβ-CTN. We extended
previous studies on PmRAR and PmRXR (Hisata et al., 1998;
Kamimura et al., 2000), and conﬁrmed the results of recent studies
on PmMYC and PmRACK1 (Fujiwara et al., 2011; Tatzuke et al., 2012).
To the best of our knowledge, this study is the ﬁrst to report that
PmERK, PmPHN2, and Pmβ-CTN are strongly induced in transdiffer-
entiating tissues of P. misakiensis.
For C. intestinalis, RAR, RXR, ERK, and MYC were not previously
included in the catalog of RA-responsive genes (Ishibashi et al.,
2003). Several possibilities could explain this inconsistency. First,
RA might indeed upregulate these 4 genes in Ciona embryos,
which, however, has not yet been conﬁrmed. Second, embryonic
Fig. 7. Effects of inhibition of PmERK signaling and Pmβ-CTN gene expression on morphogenesis and differentiation in 2-day-old developing buds. (AD) Control treated
with DMSO. (EG) ERK inhibitor of 10 μM. (A and E) Aldehyde dehydrogenase enzyme activity of whole mount buds. Arrow in (A) shows the morphogenetic area having the
enzyme activity. Arrow in (E) shows the epidermis that failed in wound healing and enzymatic activation. Bars, 250 μm. (B–D, F and G) Histone acetyltransferase, in situ
hybridization. Broken line in (F) shows the indented epidermal sheet. Bars in (B and F), 100 μm. Bars in (C, D, and G), 20 μm. (HM) In situ hybridization of Pmβ-CTN. (H–J)
Controls treated with LacZ siRNA. (K–M) Experiments treated with Pmβ-CTN siRNA. (H) Outline of bud. Bar, 200 μm. (I) MET (arrowhead) associated with the atrial
epithelium. Bar, 20 μm. (J) Gut rudiment. Bar, 40 μm. (K) Outline of bud. Bar, 200 μm. (L) Bud tissues without any signs of morphogenesis. Bar, 40 μm. (M) Atrial epithelium.
Bar, 20 μm. (N) RT-PCR of PmTrypsin. Lane 1, 1-week-old control zooids. Lane 2, 1-week-old zooids treated with Pmβ-CTN siRNA. Lane 3, 1-week-old zooids treated with
PmRXR siRNA. ae, atrial epithelium; c, coelomic cell; e, epidermis; gr, gut rudiment.
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and somatic cells may respond differently to RA. Third, the
difference in gene induction is species-speciﬁc or may be attribu-
table to differences between solitary (Ciona) and budding (Poly-
androcarpa) species. The ﬁrst possibility is unlikely, at least
concerning Ciona RAR, since this gene does not respond to RA
(Nagatomo et al., 2003) and the enhancer elements of CiRAR
do not have an RA-responsive element (RARE) (Fujiwara, 2005).
To investigate the second possibility, the information concerning
gene expression patterns in Polyandrocarpa embryos is required.
The third possibility appears more likely, because the PmRXR and
PmERK of P. misakiensis were found to contain RAREs in their
respective 5′ ﬂanking regions (Kawamura, unpublished data),
whereas the enhancer elements of CiRXR and CiERK do not seem
to have functional RAREs (http://genome.jgi-psf.org/Cioin2/Cioin2.
home.html).
Ligand preference of nuclear retinoid receptors in P. misakiensis
In mammals, all-trans RA and 9-cis RA are genuine ligands for
RA signaling (Mangelsdorf et al., 1990) and RXR is considered to be
speciﬁc for 9-cis RA (Mangelsdorf and Evans, 1995). In sponges,
probable ligands for RXR are all-trans RA (Wiens et al., 2003) and
13-cis RA (Biesalski et al., 1992). Cnidarian RXR exhibits the higher
binding afﬁnity to 9-cis RA than all-trans RA (Kostrouch et al.,
1998). Molluscan RXR induces the reporter gene expression,
depending on 9-cis RA or unsaturated long-chain fatty acid
(Bouton et al., 2005). Ultraspiracle in arthropods is structurally
and functionally homologous to RXR but it is unlikely to bind
retinoids (Iwema et al., 2007). Amphioxus RXR is able to bind and
be activated by 9-cis RA at higher concentration than the physio-
logical condition, showing that it functions less efﬁciently than
vertebrate RXR (Tocchini-Valentinio et al., 2009).
Our previous studies have shown that in P. misakiensis, 13-cis
RA was efﬁcient for the secondary bud axis formation (Kawamura
et al., 1993), gut regeneration (Kaneko et al., 2010), as well as gene
induction of RAR (Hisata et al., 1998) and modular serine protease
TRAMP (Ohashi et al., 1999). Buds and zooids contained 13-cis
retinal (a precursor of 13-cis RA) most abundantly (Kawamura
et al., 1993). Here, we demonstrated that in Polyandrocarpa buds,
RA was able to upregulate 4 genes, namely PmRAR, PmRXR, PmERK,
and PmMYC, among which PmERK was induced most efﬁciently in
epithelial and coelomic cells by all-trans RA. The other 3 genes,
PmRAR, PmRXR, and PmMYC, were induced by both all-trans RA
and 13-cis RA; however, 9-cis RA was least effective, especially for
the gene induction of PmRXR.
These in vivo results were reproducible in vitro in mRNA-
transfected tunicate cell lines, in which both all-trans RA and 13-
cis RA could similarly induce de novo gene expression of PmRAR
and PmRXR, depending on retinoid receptors. It is, therefore,
evident that the ligand preference of retinoid receptors in
P. misakiensis is different from that in vertebrates. This ﬁnding
may possibly be extended to other protochordates, because 13-cis
RA, like all-trans RA, also acts efﬁciently on Ciona embryos
(Fujiwara, unpublished data). It is also notable that chordate RARs
have evolved from a common ancestor that was already able to
bind all-trans RA, similar to modern mammalian RARβ (Escriva
et al., 2006).
Possible role of PmRAR in the transdifferentiation cascade
A recent study showed that in regenerating zooids of P.
misakiensis, an RA synthesis inhibitor and PmRAR knockdown by
double-stranded RNA both blocked gut regeneration, and the
inhibition was rescued by addition of RA (Kaneko et al., 2010).
These results suggested that PmRAR may mediate, at least in part,
RA signaling for gut regeneration.
Our cell culture system showed that mRNAs of PmRAR and
PmRXR were both required for the induction of PmRAR expression.
This result is consistent with the classical model of RA-mediated
gene regulation, in which RAR/RXR heterodimers act as transcrip-
tional regulators in a ligand-dependent manner (Mangelsdorf
and Evans, 1995). In addition, the dual electroporation of PmRAR
and PmRXR mRNAs was also found to efﬁciently induce
transdifferentiation-related genes such as PmRXR, PmERK, and
PmMYC. However, it should be noted that the similar results were
obtained with the single electroporation of PmRXR mRNA, sug-
gesting a relatively minor role of PmRAR in the induction of
transdifferentiation-related genes in P. misakiensis.
In fact, the developmental signiﬁcance of RAR varies among
tunicates. In C. intestinalis, RAR regulates Hox1 in an RA-dependent
manner (Kanda et al., 2009), which is essential for organogenesis
of metamorphosing Ciona zooids (Sasakura et al., 2012). In con-
trast, zooids of the pelagic tunicate Oikopleura dioica do not
respond to RA (Canestro and Postlethwait, 2007), and its genome
does not contain RA-related genes, such as RA synthase or RAR
(Canestro et al., 2006). Interestingly, however, embryos of this
pelagic tunicate express Hox1 in the epidermis and nerve cord in a
manner similar to Ciona embryos (Seo et al., 2004; Canestro et al.,
2005). Canestro and Postlethwait (2007) have suggested that
pelagic tunicates may carry a RAR-independent signaling pathway
to bring about the same developmental consequence as RAR-
containing animals.
Signiﬁcance of PmRXR in the transdifferentiation cascade
CiRXR has been shown to be expressed ubiquitously and
strongly in Ciona embryos, and because of this expression pattern
it is ambiguous whether RA induces CiRXR (Nagatomo et al., 2003).
PmRXR was expressed ubiquitously but weakly in growing buds of
P. misakiensis and was found to increase in the morphogenetic area
of developing buds. As mentioned above, we demonstrated that
Fig. 8. RXR-mediated transdifferentiation cascade in P. misakiensis. Prior to trans-
differentiation, PmRXR is expressed weakly in the epidermis, coelomic cells and
atrial epithelium. RA can induce PmRXR by positive feedback regulation of RXR. In
the epidermis, increasing RXR provokes PmERK expression. ERK plays a role in
epidermal contraction and wound healing, and it also contributes to the enzymatic
activation of ALDH in the epidermis and histone acetyltransferase gene expression
in the atrial epithelium. The former is a potent retinoic acid synthase, enabling
further synthesis of RA, and the latter is a dedifferentiation marker. In coelomic
cells and the atrial epithelium, RA rather inhibits PmMYC expression in the
presence of RAR and RXR. PmRXR can induce Pmβ-CTN probably in collaboration
with unidentiﬁed cofactor(s). Pmβ-CTN plays important roles in MET and transdif-
ferentiation during bud development.
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PmRXR was RA-responsive and that de novo PmRXR gene expres-
sion occurred in vitro when only PmRXR mRNA was introduced
into the RA-treated cells. Together, these results strongly suggest
that the PmRXR expression levels increase via positive feedback
regulation in an RA-dependent manner (Fig. 8). We do not know at
present whether such positive feedback regulation is carried out
by PmRXR homodimers or heterodimers with other endogenous
nuclear factors (Kliewer et al., 1992).
RXR plays major roles in invertebrate RA signaling, in contrast
with RAR that is distributed in a very limited number of non-
chordate species (Albalat, 2009). In the present study, we found
that PmRXR mRNAwas required for the de novo gene expression of
PmERK and Pmβ-CTN. We also found that PmRXR siRNA had severe
effects on the expression of not only PmRXR but also PmERK and
Pmβ-CTN. The knockdown of PmRXR blocked bud development
and the expression of differentiation markers such as trypsin.
Therefore, we argue that PmRXR is an upstream gene that
regulates both RA-dependent and RA-independent transdifferen-
tiation-related genes (Fig. 8).
Roles of ERK and β-CTN in transdifferentiation events
ERK is a key gene that regulates cell growth and differentiation
at the terminus of the MAP kinase cascade. For instance, in chick
embryonic eyes, ERK has been found to induce transdifferentiation
of the retina pigment epithelium into the retina neuroepithelium
(Galy et al., 2002) via Pax6 upregulation (Spence et al., 2007).
In P. misakiensis, we have shown that PmERK was expressed in the
epidermis earliest and most strongly during bud development.
Correspondingly, the epidermis of RA-treated buds showed the
strongest PmERK signal.
In P. misakiensis, the epidermis is a contractile tissue that plays
a role in wound healing after cutting of buds from the parent or
injury of zooids. Although PmERK siRNA did not substantially
affect bud development, an ERK inhibitor severely blocked
epidermal contraction and wound healing. Interestingly, ERK
activation in mammals involved in wound healing through
epithelial cell movement (Matsubayashi et al., 2004). We also
observed that the inhibitor suppressed the epidermal aldehyde
dehydrogenase activity that is a potent RA synthase in P.
misakiensis (Kawamura et al., 1993). It is, therefore, possible that
buds treated with ERK inhibitor have failed to synthesize RA. In P.
misakiensis, histone acetyltransferase is a dedifferentiation mar-
ker that is expressed by the atrial epithelium prior to rediffer-
entiation stage (Shibuya and Kawamura, in preparation). ERK
inhibitor blocked the gene expression of histone acetyltransfer-
ase. Therefore, PmERK is likely to be involved in early events of
transdifferentiation such as wound healing, RA synthesis, and
dedifferentiation (Fig. 8).
β-CTN is a component of the cell adhesion apparatus and also
functions as a coactivator of gene expression in the Wnt signaling
cascade (Cadigan and Peifer, 2009). β-CTN plays roles in the
maintenance of pluripotency and self-renewal of stem cells by
inducing stemness-related genes such as c-myc (He et al., 1998)
and cyclin D (Tetsu and McCormick, 1999). In the present study,
PmRXR knockdown downregulated Pmβ-CTN gene expression
without affecting PmMYC; therefore, it is unlikely that Pmβ-CTN
regulates PmMYC gene expression in P. misakiensis.
As already mentioned, the Pmβ-CTN expression in P. misakiensis
is RXR-dependent. It should also be noted that RA did not
inﬂuence the Pmβ-CTN expression, even though it did induce the
PmRXR expression. In amphioxus, both β-CTN and RA signaling
affect the anterior–posterior patterning of embryos; however, the
modes of their actions are independent and distinct (Onai et al.,
2009). Taken together, our results implicate that PmRXR is neces-
sary for Pmβ-CTN induction and that some cofactor(s) may be
required to attain the maximal induction (Fig. 8). Similar to the
results from the PmRXR knockdown, Pmβ-CTN siRNA inhibited
transdifferentiation. In conclusion, the β-CTN pathway serves as a
major route of transdifferentiation in Polyandrocarpa cells (Fig. 8).
This pathway depends on de novo mRNA synthesis of β-CTN and,
therefore, may be independent from Wnt signaling.
PmMYC induction by RA differs in different cellular contexts
Myc is involved in the dedifferentiation and proliferation of
cells (Kelly et al., 1983; Makino et al., 1984). PmMYC, consistently
expressed in the transdifferentiating atrial epithelium and coelo-
mic cells undergoing MET, plays a role in bud morphogenesis
(Fujiwara et al., 2011). In F9 teratocarcinoma cells, RA has been
reported to downregulate c-myc expression and induce cell
differentiation (Dean et al., 1986; Griep and DeLuca, 1986). Incon-
sistently, our study shows that the in vivo RA application to
growing buds led to an increase of the PmMYC signals in the
epidermis by in situ hybridization, which was further conﬁrmed
quantitatively by RT-PCR. It is noteworthy that in our in vitro
assays, the electroporation of PmRXR mRNA produced different
results from those obtained by electroporation of both PmRAR and
PmRXR mRNAs. In the former, PmMYC was expressed, whereas in
the latter, RA suppressed the PmMYC expression. We speculate
that in P. misakiensis, RAR/RXR heterodimers may downregulate
PmMYC expression in an RA-dependent manner (Fig. 8), consistent
with the ﬁndings for mammalian F9 teratocarcinoma cells. This
hypothesis may provide an explanation as to why only epidermal
cells expressed PmMYC in RA-treated buds, since epidermal cells
exclusively expressed PmRXR, whereas the atrial epithelium and
coelomic cells expressed both PmRAR and PmRXR that would act as
inhibitory transcription factors.
Conclusion
The present study showed for the ﬁrst time that in P. mis-
akiensis, the ligand repertoire of RXR is very broad. In the light of a
variety of preferred ligands observed in non-chordate RXRs, this
characteristics of PmRXR is considered to reﬂect the general
character of invertebrate RXRs rather than the speciﬁed character
of tunicate RXR. In this context, it is noteworthy that amphioxus
RXR is functionally an intermediate between arthropod RXR/USPs
and vertebrate RXRs (Tocchini-Valentinio et al., 2009). This study
also afforded novel evidence that PmRXR plays a key role in RA
signaling by inducing ERK and β-CTN. More signiﬁcant role of
PmRXR than PmRAR reminds us of the functions of invertebrate
RXR. In tunicates, on the other hand, RAR-mediated RA signaling
also plays a signiﬁcant role in embryogenesis and regeneration,
suggesting that both vertebrate-type and invertebrate-type RA
signalings reside in tunicates. In P. misakiensis, the major function
of RA is to trigger positive feedback regulation of RXR. Sponge RXR
appears to undergo a similar type of gene regulation (Wiens et al.,
2003), but little is known about RXR gene regulation in other non-
chordates. It is, therefore, premature at present to consider if this
type of RXR gene regulation extends to other chordate and non-
chordate species.
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